Introduction
Over the past decade, it has become apparent that aberrant host immunity contributes to the growth and spread of cancer [2, 3] . Established cancers secrete factors that direct the recruitment and expansion of suppressive immune cells such as myeloid-derived suppressor cells, tumor-associated macrophages and T regulatory cells [4] . These immune suppressor cells normally function to prevent the development of harmful autoimmune reactions mediated by host lymphocytes, but in cancer patients, they become an important component of the tumor microenvironment and help cancer cells evade destruction [5] . The existence of multiple classes of immune suppressor cells, their presence in high numbers in most tumor types, and their requirement for tumor growth in animal models underscores their importance to tumor development. Consequently, suppressor immune cell levels may predict tumor burden, prognosis and response to therapy [6] . Furthermore, in the last decade, pre-clinical research demonstrated that certain chemotherapeutic agents such as platinum compounds, anti-metabolites and taxanes can modulate the levels and function of these suppressive immune cell subsets and by doing so can affect tumor growth indirectly [7] [8] [9] [10] . Therefore, it is important to study the effects of chemotherapy on suppressive immune subsets in patients because these levels could impact and possibly predict the response to treatment.
Myeloid-derived suppressor cells (MDSC) are a heterogeneous population of early myeloid cells that accumulate in patients with cancer and are able to suppress immune function by multiple mechanisms. They produce cytokines such as TGF-β and IL-10 that can impair immune cell signaling. They also release arginase, which depletes l-arginine from the tumor microenvironment, crippling T cell function. MDSC produce reactive oxygen species (ROS) and nitric oxide, which can inhibit immune cell signal transduction [11] [12] [13] . In general, granulocytic MDSC (G-MDSC) generate ROS while monocytic MDSC (M-MDSC) express arginase and inducible nitric oxide synthase (iNOS), but do not produce high levels of ROS [14] . Human MDSC are characterized as being positive for CD33 and CD11b and negative for HLA-DR. G-MDSC also are CD15+, while M-MDSC are CD14+ [11, 14, 15 ].
In the current study, peripheral blood levels of MDSC and cytokines in a cohort of breast cancer patients receiving neo-adjuvant chemotherapy (NAC) were investigated [16, 17] . It was hypothesized that levels of MDSC in the peripheral blood mononuclear cell (PBMC) fraction would show an association with complete pathologic response (pCR) that might also be reflected in the levels of immunederived cytokines.
Methods

Study design
A single arm, pilot study was conducted at the Ohio State University Comprehensive Cancer Center under an Institutional Review Board (IRB)-approved protocol (IRB protocol # 2010C0036) between May 2012 and March 2014 to measure levels of MDSC in women with operable breast cancer who received NAC. The primary objective was to evaluate the association between peripheral blood levels of MDSC and pathologic response following NAC. The secondary objective was to study the effect of NAC on the levels of circulating monocytic and granulocytic MDSC.
Patient population
Eligible patients included adult women (≥18 years old) with biopsy proven, non-metastatic breast cancer who, in the opinion of the treating physician, were suitable for NAC. Exclusion criteria were inoperable breast cancer or receipt of chemotherapy for breast cancer prior to study enrollment. All patients were required to sign an IRBapproved informed consent prior to enrollment.
Neo-adjuvant chemotherapy
Eligible study participants received intravenous (IV) NAC as determined by the treating physician (Supplementary Table 1 ). The majority of patients were treated with four cycles of doxorubicin at 60 mg/m 2 and cyclophosphamide at 600 mg/m 2 given every 2 weeks followed by 12 treatments with paclitaxel at 80 mg/m 2 weekly (ddAC-wT) or four cycles of dose-dense paclitaxel at 175 mg/m 2 given every 2 weeks (ddAC-ddT). Patients with HER2+ breast cancer also received trastuzumab at 2 mg/kg weekly (after a loading dose of 4 mg/kg on day 1, cycle 1) administered along with paclitaxel (ddAC-wTH). Trastuzumab was continued for 1 year. Following FDA approval of pertuzumab in combination with standard NAC in September 2013, pertuzumab was added to trastuzumab and paclitaxel at a dose of 420 mg every 3 weeks after a loading dose of 840 mg during cycle 1, day 1 (ddAC-wTHP). One patient received a regimen consisting of 12 weekly treatments with paclitaxel 80 mg/m 2 , lapatinib 750 mg daily and trastuzumab 2 mg/kg weekly after a loading dose of 4 mg/kg on day 1 of cycle 1 (THL) [18] . One additional patient was treated on a Cancer and Leukemia Group B (CALGB) clinical trial regimen. She received paclitaxel 80 mg/m 2 weekly, bevacizumab 10 mg/kg every 2 weeks for 12 weeks followed by four cycles of doxorubicin 60 mg/m 2 and cyclophosphamide 600 mg/m 2 every 2 weeks in combination with three cycles of bevacizumab 10 mg/kg every 2 weeks (CALGB 40603). Peg-filgrastim (pegylated granulocyte colony stimulating factor or G-CSF) at 6 mg was administered as a subcutaneous injection on day 2 of every cycle in patients receiving dose-dense anthracycline-based or taxane chemotherapy. Dose adjustments for toxicities were allowed per the treating physician's discretion.
Sample collection and procurement
Peripheral blood was collected prior to cycle 1 and 2 of doxorubicin and cyclophosphamide and prior to the first and last dose of paclitaxel or paclitaxel/anti-HER2 therapy (in HER2+ patients). For other regimens, MDSC were measured prior to the 1st, 2nd and last chemotherapy treatment ( Supplementary Fig. 1 ). PBMC were isolated from peripheral venous blood via density gradient centrifugation with Ficoll-Paque, (Amersham Pharmacia Biotech, Uppsala, Sweden) as previously described [19] . 1 × 10 6 PBMC were processed and analyzed by flow cytometry. The remainder of PBMC were cryopreserved for future analyses. Plasma samples were also collected and stored at −80 °C until analysis.
Assessment of clinical response
The response to NAC was assessed by the study pathologist (LS). Complete pathologic response was defined as the absence of residual invasive carcinoma in the breast or lymph nodes. Since patients with near complete response are expected to have a similar clinical outcome as those with complete response, an alternative method of assessing response was also used by calculating Residual Cancer Burden (RCB) class [20] . This was done by the use of online RCB index calculator developed by researchers at M.D. Anderson Cancer Center: (http://www3.mdanderson. org/app/medcalc/index.cfm?pagename=jsconvert3). This calculator utilizes primary tumor bed area, cancer cellularity, percentage of in situ disease, number of positive lymph nodes, and size of the largest metastasis for determining the index. Patients are then categorized into the following RCB classes: 0-no residual disease, I-minimal residual disease, (RCB score 0-1.35), II-moderate residual disease (RCB score 1.35-3.27), III-extensive residual disease (RCB score of >3.28). Patients with RCB classes 0-I were deemed to have good response to chemotherapy (since outcomes of patients with RCB 0 and I do not differ), while patients with RCB classes II-III were considered not to have achieved an adequate pathologic response [20] .
Flow cytometry for myeloid-derived suppressor cells
PBMC were analyzed for the presence of MDSC as previously described [21] . MDSC were defined as cells positive for CD33, CD11b and lacking HLA-DR with subsets expressing CD15 or CD14 representing granulocytic and monocytic MDSC, respectively (Fig. 1) . Notably, the current method for phenotyping M-MDSC (CD33+/HLADR−/CD14+/CD11b+) compares favorably to methods employed by other investigators (e.g., CD14+/HLADRlow/−) with respect to the percentages of M-MDSC obtained [22] . Specific antibodies included CD15-FITC, CD33-APC, HLA-DR-PC7, CD11b-PE (all Beckman Coulter), and CD14-V450 (BD Biosciences). All samples were run on a BD LSR-II flow cytometer and data were analyzed with FlowJo software (Tree Star, Inc.).
T cell proliferation assay
Patient PBMC were depleted of CD33+ cells using CD33 Microbeads (Miltenyi). Total PBMC or PBMC depleted of CD33+ cells were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE; Life Technologies) and nonspecifically activated with anti-CD3/CD28 beads (Life Technologies). After 3 days, T cell proliferation was assessed by flow cytometry. APC anti-CD4 and anti-CD8 antibodies were used to identify T cell subsets (Biolegend).
Measurement of plasma cytokines
For quantitative detection of cytokines in patient plasma, a magnetic bead-based Bio-Plex Human Cytokine Panel 10-Plex Assay was used according to the manufacturer's specifications (Bio-Rad Laboratories, Inc.). All samples were run in batches to minimize inter-assay variability, assayed in duplicate and quantitated using a standard curve.
Statistical analysis
The primary objective was to study an association between circulating MDSC levels and complete pathologic response defined as no residual invasive carcinoma in the breast or axilla. A sample size of 24 patients with operable breast cancer (expect six patients with pCR or RCB class 0-I and 18 patients without complete pathologic response or RCB class II or III) was determined to provide 90% power to detect at least an effect size of 1.5 standard deviation between responders and nonresponder groups using a one-sided two sample t test with an alpha level of 0.05. Baseline levels of MDSC and changes in MDSC were compared between patients with or without pCR using a two-sample t test. Associations between MDSC levels and menopausal status, HR status, and tumor grade were explored using graphical analysis. Linear regression models were used to study associations between levels of MDSC, cytokine levels and pCR, including confounder variables, such as age, race, and menopausal status. Appropriate transformations of the data were employed to meet model assumptions and provide interpretable results.
Results
Patient characteristics
A total of 26 women with operable breast cancer were enrolled. Two patients did not complete all required blood draws and were therefore replaced in order to have all time points collected for 24 patients. Patient characteristics are summarized in Table 1 . The median age of study patients was 48 years (range 32-69). The majority of patients were Caucasian (n = 19) and pre-or perimenopausal (n = 15). Eleven patients were diagnosed with triple negative breast cancer (TNBC). Six patients had HER2+ breast cancer while seven had hormone receptor (HR)-positive and HER2-negative disease. Of seven patients with HR+, HER2-negative breast cancer, two had weak expression of HR defined as <10% staining for estrogen and progesterone receptors. Only one patient (4%) had clinical stage I disease (a 69-year-old female with high grade, triple negative breast cancer measuring 1.7 cm), while 20 (83%) and 3 (13%) study patients had stage II and III breast cancer, respectively. All 24 study patients had invasive ductal carcinoma as their tumor histology. These characteristics were felt to be representative of a typical patient population that is offered NAC at our institution [23] .
Chemotherapy regimens
Supplementary Table 1 summarizes the chemotherapy regimens administered. Most patients received ddAC-wT regimen (n = 15, see Materials and Methods for regimen abbreviations). Two patients were treated with ddAC-ddT regimen. Of six patients with HER2 over-expressing breast cancer, three were treated with a ddAC-wTH regimen, one received ddAC-wTHP, and one was treated with a THL regimen. One patient with HER2+ breast cancer received four cycles of ddAC followed by THL chemotherapy. Finally, one patient with TNBC was co-enrolled in CALGB study 40603 as described in Materials and Methods [24] .
Levels of circulating myeloid-derived suppressor cells
The mean percent G-MDSC and M-MDSC at baseline were 0.88 (95% CI 0.23-1.54) and 0.23 (95% CI 0.01-0.45), respectively. The mean frequency of G-MDSC increased significantly from draw 1 [0.88% (95% CI 0.23-1.54)] to draw 3 [9.32% (95% CI 4.02-14.61), p < 0.0001] (Fig. 2a) which correlates with administration of doxorubicin and cyclophosphamide along with peg-filgrastim in 22/24 patients. By the fourth draw, when the majority of patients were finishing 12 weeks of treatment with paclitaxel with or without trastuzumab, the mean percentage of G-MDSC had decreased towards the levels observed at draw 1 (1.97%). This decrease in G-MDSC between draws 3 and 4 was also statistically significant (p = 0.0006). Notably, one patient who was treated on CALGB 40603 trial did not have such an increase and instead her G-MDSC levels remained stable (0, 0.97, 0.45 and 0.37% at time points 1-4, respectively). It is worth pointing out that unlike other cases, doxorubicin and cyclophosphamide therapy (which was administered following four cycles of carboplatin, paclitaxel and bevacizumab) did not induce a rise in G-MDSC in this patient despite receiving G-CSF during anthracycline chemotherapy (possible explanations for this finding are given in the "Discussion").
Monocytic MDSC did not display such a striking trend. Levels of M-MDSC were only slightly increased at draw two and three and then returned to baseline at draw four [mean and 95% CI was 0.23% (0.01-0.45), 0.56% (0.11-1.02), 0.61% (0-1.33) and 0.18% (0-0.45) for draws 1-4, respectively, Fig. 2b of total MDSC. The rise in total MDSC between draw 1 and 3 (p = 0.0001) and decrease between draw 3 and 4 (p = 0.0009) were both statistically significant.
Levels of circulating MDSC in patient subsets
Figure 2d-f summarizes the levels of granulocytic and monocytic MDSC by HR and HER2/neu over-expression status. The levels of G-MDSC on average were greater in patients with TNBC at draws 1-3 compared to other breast cancer subtypes, but this difference was not significant. At draw 4, HER2+ patients had the highest levels of G-MDSC (mean 4.67 versus 1.03% in triple negative patients). Levels of G-MDSC at the end of NAC were lowest in patients with HR+, HER2-negative breast cancer (mean 0.98%). The HER2+ patients had the highest levels of M-MDSC at draws 2-4. While these trends were observed, overall, there were no significant differences between the breast cancer subsets and levels of G-MDSC or M-MDSC, possibly due to the sample size (n = 24 patients). These trends were not significantly affected by other factors such as menopausal status or tumor stage. However, at draw 3 (following four cycles of ddAC), the difference in G-MDSC between Caucasian and African American patients was statistically significant with African Americans having significantly less G-MDSC (p = 0.0315, Supplementary Fig. 2 ). In contrast to Caucasian patients, there was no significant rise in G-MDSC between draws 1 and 3 in African Americans patients with mean G-MDSC levels of 2.25% at draw 1 and 3.01% at draw 3 (p = 0.8751).
Myeloid-derived suppressor cells and response to chemotherapy
Following the completion of NAC and subsequent surgery, a pathological analysis was utilized to determine the pathologic response (pCR-defined as the absence of residual invasive carcinoma in the breast and lymph nodes) and the residual cancer burden (RCB) class in each patient ( Table 2 ). The pCR rate in the study population was 45.8%. Five of 11 (45.5%) patients with TNBC, 3 of 6 (50%) patients with HER2+ breast cancer, 2 of 2 patients with weakly HR+ and HER2-breast cancer and 1 of 5 (20%) patients with strongly HR+ , HER2-negative breast cancer had a pCR. The rate of patients with RCB index 0-I (complete or near complete pCR) was 58.3%. Those patients who achieved a pCR or RCB index 0-I and those with no pCR (or RCB index II-III) were then grouped and their total, G-MDSC, and M-MDSC subsets were plotted by response (Fig. 3) . The baseline MDSC percentages did not differ between response groups. However, at the last time point, G-MDSC percentages tended to be lower in patients with pCR than in patients with no pCR [1.15% (95% CI 0.14-2.16) vs. 2.71% (95% CI 0-5.47) respectively, Fig. 3a] . Similarly, in patients with RCB class 0-I, G-MDSC percentages at the end of chemotherapy were also lower compared to those with RCB class II-III [0.98% (95% CI 0.12-1.85) versus 3.25% (95% CI 0-6.53) respectively, Fig. 3d ]. However, there was no statistically significant difference between RCB groups at any time point.
We also observed one patient with striking differences in MDSC levels between time points 1 and 4 (6.17, 0.87, 0.11 and 0.02% in time points 1-4, respectively). The patient was a 39 year-old premenopausal female with grade 3 TNBC measuring 2.2 cm without lymph node involvement. The patient was treated with ddACwT regimen achieving pCR. Interestingly, this patient did not experience the increase in the levels of MDSC during anthracycline chemotherapy. There were three more patients who did not experience the rise in circulating G-MDSC during anthracycline chemotherapy and all had good response to NAC (two had minimal residual disease and RCB class I and one patient had complete response and an RCB class 0). Given these findings, we examined whether patients with lower G-MDSC levels at the end of anthracycline chemotherapy (draw 3) were more likely to have pCR. However, no statistically significant difference was observed. 
Confirmation of immunosuppressive function of MDSC
To confirm that MDSC identified in patient samples using the indicated immunophenotype (HLA-DR−/CD11b+/CD33+) were functionally suppressive, their ability to inhibit T cell proliferation was measured ( Supplementary Fig. 3 ). Total PBMC from study patients or PBMC depleted of CD33+ cells were labeled with CFSE, stimulated with anti-CD3/CD28 beads and cultured for 3 days. Proliferation of CD4+ and CD8+ T cells was subsequently measured by flow cytometry and proliferation of both CD4+ and CD8+ T cells was significantly increased following CD33+ cell depletion (and thus MDSC depletion) compared to proliferation of CD4+ and CD8+ T cells cultured in the presence of CD33+ cells.
Blood levels of cytokines
Levels of 10 cytokines (IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IFN-γ, and TNF-α) were measured in plasma samples collected at each draw from each patient and these data are summarized in Supplementary Table 2 and 
Discussion
The goal of this study was to characterize the levels of circulating monocytic and granulocytic MDSC in patients with breast cancer treated with neo-adjuvant chemotherapy and correlate these levels with the clinical response. The G-MDSC subset was the predominant phenotype of circulating MDSC. G-MDSC levels increased sharply during doxorubicin and cyclophosphamide treatment but decreased during treatment with paclitaxel, reaching near baseline levels at the end of chemotherapy. Levels of M-MDSC were significantly lower, representing only about 1% or less of PBMC and did not differ significantly over time. Patients who did not achieve pCR had numerically higher levels of G-MDSC at the end of chemotherapy. The total number of patients in this pilot study and wide 95% confidence intervals could explain the reason why these findings did not reach statistical significance. The trends in G-MDSC levels were similar between patients with favora- or HER2 expression. However, at draw 3 (following four cycles of ddAC), the difference in G-MDSC between Caucasian and African Americans patients was statistically significant with African Americans having significantly less G-MDSC (p = 0.0315). Racial differences in MDSC levels during cytotoxic chemotherapy have not been previously reported.
It is not entirely clear why most patients experienced elevation of G-MDSC during AC regimen followed by a drop during the taxane regimen. All patients treated with AC regimen also received granulocyte colony stimulating factor (G-CSF), which could be responsible for the increase in G-MDSC levels. However, G-MDSC levels dropped in two patients who also received G-CSF during the entire ddAC-ddT regimen, which argues against this possibility. Alternatively, the rise in G-MDSC could be due to a direct effect of the anthracycline regimen. The decrease in G-MDSC levels during administration of paclitaxel supports the hypothesis that there could be a direct effect of the AC regimen on rise in the levels of MDSC. Four patients in this study did not have the expected rise in G-MDSC levels during AC and these patients all achieved a complete or near complete response to chemotherapy. Therefore, it would be of interest to confirm in future studies whether flat levels of G-MDSC during the administration of an anthracycline regimen can predict a favorable outcome.
While previous studies have examined the impact of MDSC on immune function in murine models, only a few studies have tested how MDSC vary in patients with cancer and whether their levels are affected by cytotoxic chemotherapy. Several investigators reported that circulating MDSC correlate with tumor burden and could serve as a potential biomarker of prognosis and response to anti-neoplastic therapy [6, [25] [26] [27] [28] [29] . However, most of these studies were exploratory in nature. Gabitass and colleagues found a high correlation between peripheral blood MDSC levels and survival in 131 patients with pancreatic, gastric and esophageal cancer (p < 0.001). The strength of this study was the use of 54 age and sex matched volunteers as controls. In multivariate analysis, MDSC levels were found to be an independent prognostic factor for survival when adjustments were made for the effects of other prognostic factors such as disease type, subsequent treatment, stage, and performance status. The analysis found that a unit increase in MDSC percentage was associated with a 22% increase in the risk of death [hazard ratio of 1.22 (95% CI 1.06-1.41)] [29] . Similarly, a study by Cole and colleagues enrolled 25 patients treated for metastatic breast cancer and measured circulating MDSC levels using a method that relied on lineage-specific markers. Their study suggested that high levels of circulating MDSC correlated with poor survival with a level of accuracy that was similar to that of circulating tumor cells [28] . However, this study did not differentiate between monocytic and granulocytic populations of MDSC. Additionally, neither of these studies evaluated the effects of chemotherapy on the levels of MDSC in cancer patients.
Diaz-Montero and colleagues evaluated 17 patients with stage II-III breast cancer receiving adjuvant chemotherapy that included dose-dense doxorubicin plus cyclophosphamide followed by dose-dense paclitaxel [25] . Similar to the present results, this study found that levels of MDSC increased significantly during ddAC compared to baseline in breast cancer patients treated with adjuvant chemotherapy (2.2% MDSC at baseline and 11.7% after ddAC chemotherapy). The strength of Diaz-Montero's study is the fact that all 17 patients received doxorubicin/cyclophosphamide and paclitaxel on a dose-dense schedule that requires G-CSF administration on day 2 of each chemotherapy cycle. This group was, therefore, able to confirm that MDSC elevation during the AC portion of chemotherapy could not be completely explained by G-CSF administration because G-CSF was also given during administration of paclitaxel when MDSC levels were lower [25] . However, this study used different immunophenotypic markers to identify circulating MDSC than the present study (Lin −/lo , HLA-DR−, CD11b+, CD33+). These markers cannot differentiate between monocytic and granulocytic populations of MDSC and in fact could exclude M-MDSC since CD14 is one of the lineage-specific (lin) markers used to exclude mature immune cells. In contrast, the present immunophenotypic panel allowed for the determination of levels of M-MDSC and G-MDSC. Therefore, it could be demonstrated that the effect of the AC regimen on circulating MDSC was largely due to changes in the granulocytic subset. Additionally, the Diaz-Montero study only evaluated tumor response to chemotherapy in a small cohort of six patients utilizing radiographic evidence of progression, while the present studied utilized pathologic complete response and Residual Cancer Burden calculator methods for evaluating tumor response to chemotherapy in all 24 study patients.
One patient in the present study who was treated with carboplatin, paclitaxel and bevacizumab had persistently low levels of G-MDSC and M-MDSC through the entire treatment and achieved a pCR. Unlike other cases in this study, doxorubicin and cyclophosphamide therapy (which was administered following four cycles of carboplatin, paclitaxel and bevacizumab) did not induce a rise in G-MDSC. Certain chemotherapeutic agents such as platinum or gemcitabine are known to deplete MDSC, and bevacizumab neutralizes the effects of VEGF, a known pro-MDSC factor [14] . We speculate that perhaps these effects may have resulted in the low levels of MDSC in this patient [10, 30] . Another possible explanation could be that reduction of tumor burden during the platinum regimen could have led to decreased MDSC generation and lower overall levels of circulating MDSC during the AC portion of chemotherapy in this patient. It is also noteworthy that there was no significant rise in G-MDSC from draw 1 to draw 3 in African American patients, and that at draw three G-MDSC levels were significantly lower in African American patients versus Caucasians. None of the four African American patients had a pCR. In addition, all four were classified as RCB class II. However, for the entire patient population, the association between G-MDSC at draw 3 and response was not statistically significant.
As an exploratory analysis, selected Th1 and Th2 cytokines in the peripheral blood of the study subjects were measured. It was found that a mixture of Th1 and Th2 cytokines peaked during chemotherapy but did not correlate with clinical response.
The present study does have several limitations. First, the study was not limited to a certain histopathologic type of breast cancer, patient characteristic or chemotherapy regimen. Second, the administration of growth factors could be a confounding factor. In addition, we utilized the Ficoll-Hypaque method to isolate MDSC. Some investigators have speculated that this method could lead to loss of G-MDSC and suggested that an analysis of whole blood rather than Ficoll-purified mononuclear cells might be necessary to fully monitor changes in human MDSC [31] . During the initial part of this study, we utilized the Ficoll-Hypaque method simultaneously with a whole blood RBC lysis technique and found very similar trends of M-MDSC and G-MDSC levels (Supplementary Fig. 5 ). Therefore, we were not concerned about G-MDSC loss.
In conclusion, we have observed that in women with operable breast cancer treated with neo-adjuvant chemotherapy, circulating G-MDSC increase during doxorubicin and cyclophosphamide chemotherapy and decrease sharply during paclitaxel. In patients with complete or near complete pathologic response following NAC, G-MDSC levels appear to be numerically lower compared to patients without pCR.
